We propose a novel robust test to assess whether an estimated new-Keynesian model is consistent with a unique stable solution, as opposed to multiple equilibria. Our strategy is designed to handle identi…cation failure as well as the misspeci…cation of the relevant propagation mechanisms. We invert a likelihood ratio test for the cross-equation restrictions (CER) that the new-Keynesian system places on its reduced form solution under determinacy.
Introduction
The U.S. in ‡ation and output growth processes have experienced dramatic breaks in the post-WWII. In particular, a marked reduction of the U.S. macroeconomic volatilities has been documented by Stock The above mentioned contributions implicitly assume the new-Keynesian model one works with to be correctly speci…ed and, with the remarkable exception of Mavroeidis (2010) , to feature identi…able parameters. As concerns the …rst issue, albeit new-Keynesian models can display several types of misspeci…cations , the omission of propagation mechanisms from the structural equations is a major concern in the empirical assessment of determinacy/indeterminacy. As discussed by Lubik and Schorfheide (2004) and Fanelli (2012) , indeterminacy generally entails a richer correlation structure of the data. Therefore, the risk run by an econometrician is that of confounding a determinate case in which relevant propagation mechanisms are not embedded by the structural model at hand with the indeterminate scenario.
In conducting their Bayesian analysis, Lubik and Schorfheide (2004) tackle this issue by analyzing versions of a small-scale new-Keynesian model featuring di¤erent dynamic structures, while Fanelli (2012) proposes a frequentist test of determinacy/indeterminacy that explicitly controls for the omission of propagation mechanisms from the speci…ed structural equations.
As concerns the identi…ability of the structural parameters, aside from Mavroeidis (2010) , who adopts a single-equation 'limited-information'approach, all existing empirical contributions in which the determinacy/indeterminacy issue of U.S. monetary policy is investigated assume that the structural parameters are identi…able. In general, both …nite sample and asymptotic distributions for estimators and tests can be strongly a¤ected if identi…cation conditions are not satis…ed, see e.g. Sargan (1983) , Phillips (1989) , Staiger and Stock (1997) and Stock and Wright (2000) . Many authors have recently argued that estimated new-Keynesian systems like or similar to the one considered in this paper can be a¤ected by 'weak identi…cation'issues. Identi…cation problems in a system of variables featuring highly nonlinear restrictions may involve the rank condition of the information matrix or suitable transformation of moments (Iskrev, 2008 (Iskrev, , 2010  Komunjer and Ng, 2011), or the relationship between the structural parameters and the sample objective function, which may display 'small'curvature in certain regions of the parameter space, see e.g. Canova and Sala (2009) . The former concept of identi…cation is also referred to as 'population identi…cation' (Canova and Sala, 2009) , as opposed to the latter, often termed 'sample identi…cation', because it is speci…c to a particular dataset and sample size. Our paper is concerned with this second phenomenon, which we characterize as the situation in which the criterion used to estimate the structural parameters and test hypotheses on these parameters exhibit 'little curvature'in all or some directions of the parameter space with the consequence of being nearly uninformative about these parameters. Weak identi…cation of all or part of the esti- As regards the methodological contribution, the proposed testing strategy is based on two steps. In the …rst-step, we use an identi…cation-robust 'full-information'method to test the cross- Dufour et al. (2013) . If the CER are not rejected, we can rule out the occurrence of sunspot-driven expectations and arbitrary nuisance parameters from the model's equilibrium. Importantly, in this case we cannot rule out the possibility of a Minimum State Variable (MSV) equilibrium (McCallum, 1983) , i.e. a solution nested within the class of indeterminate equilibria but that is observationally equivalent to the determinate reduced form, see Evans and Honkapohja (1986) , Lubik and Schorfheide (2004) , and Fanelli (2012) . Notably, however, the non-rejection of the CER amounts to an implicit acceptance of the hypothesis of correct speci…cation of the new-Keynesian system. If instead the CER are rejected, we move to a second-step to determine whether the outcome obtained in the …rst-step depends on the multiple equilibria hypothesis, or to the omission of relevant propagation mechanisms from the speci…ed structural equations. To accomplish this task, we apply an identi…cation-robust 'limited-information'method and invert a test for the orthogonality restrictions (OR) implied by the system of Euler equations under the rational expectations hypothesis (and the assumption of correct speci…cation), using the same grid employed in the …rst-step. In principle, if the newKeynesian system is correctly speci…ed, the OR are valid irrespective of whether the implied equilibrium is determinate or indeterminate. However, conditional on the result in …rst-step, in our framework the non-rejection of the OR is evidence of indeterminacy while their rejection suggests that the speci…ed structural equations do not capture the dynamic properties of the data adequately. The test inverted in this second-step is an Anderson Rubin-type (Anderson and Rubin, 1949) test that can be implemented in our multivariate framework following Dufour et al. (2009, 2013) . 2 The tests involved in our two-step methodology are based on asymptotically pivotal test statistics which have correct size regardless of the strength of identi…cation of the model's structural parameters. Overall, the suggested testing strategy is asymptotically correctly sized and consistent against the multiple equilibria hypothesis. We investigate its …nite sample performance and its practical usefulness by some Monte Carlo experiments and …nd that the procedure displays reasonable empirical size and reassuring power against some speci…ed indeterminate equilibria in …nite samples.
As regards the empirical contribution, the application of our testing strategy on U.S. quarterly data leads us to the following …ndings. Our identi…cation-robust test for the CER computed in the …rst step leads us to reject the hypothesis of determinacy on the 'pre-Volcker' sample. Conditional on this …rst step, our identi…cation-robust test for the OR computed in the second-step does not lead us to reject the new-Keynesian framework at hand. Therefore, our results support the multiple equilibria scenario, which acknowledges a role for self-ful…lling expectations as a driver of the U.S. macroeconomic dynamics during the 1970s. Instead, the 2 Alternatively, one can apply the 'S-test'approach by Stock and Wright (2000) or the 'K-LM test'approach by Kleibergen (2005) , which require the evaluation of the criterion function associated with the continuos-updating version of the generalized method of moments. Some computational issues, discussed in detail in the Appendix, make us prefer the approach by Dufour et al. (2009 Dufour et al. ( , 2013 . identi…cation-robust test for the CER computed in the …rst-step clearly supports the CER implied by the hypothesis of determinacy when considering our 'Great moderation'sample. While being unable to interpret this result as conclusive evidence of determinacy (recall the observational equivalence between the determinate and the indeterminate MSV solution), the case of sunspot shocks-driven expectations is clearly ruled out by the data. In line with Mavroeidis (2010), our 'limited information'-based second step delivers wider projected con…dence intervals for the estimated policy parameters during the 'Great Moderation' as opposed to those computed for the 'Great In ‡ation'period. If taken in isolation, the projected con…dence intervals of the policy parameters would be considered as uninformative as for the issue of determinacy. Differently, our full-system inferential approach enables us to interpret such evidence as consistent with an economic system under determinacy, hence not a¤ected by sunspot shocks. This is so because our …rst step does not lead us to reject the structure of the system under investigation when post-1985 data are taken into account. Therefore, our testing procedure is inherently more informative than a single-equation approach (even when the latter is designed to deal with weak identi…cation), in that it allows the econometrician to go a step further in assessing (and, in this case, ruling out) the role of sunspot ‡uctuations as possible drivers of the U.S. economic dynamics.
The remained of this paper is organized as follows. Section 2 introduces the reference small scale new-Keynesian structural model and discusses its reduced form solutions under determinacy and indeterminacy, respectively. Section 3 summarizes the testing strategy. Section 4 investigates the …nite sample performance of the testing strategy by some simulation experiments. Section 5 presents our empirical results obtained on U.S. quarterly data. Section 6 relates our work to the literature, and Section 7 contains some concluding remarks. Additional methodological details are con…ned in the Appendix. To save space, we have treated some issues regarding the solution properties of the new-Keynesian model in a Technical Supplement.
Model
This Section presents the reference small-scale new-Keynesian business cycle model and discusses its time series representations under determinacy and indeterminacy, respectively.
Structural system
Our reference new-Keynesian model is taken from Benati and Surico (2009) . It features the following three equations:
where
and expectations are conditional on the information set F t , i.e. E t :=E( j F t ). The variablesỹ t , t , and R t stand for the output gap, in ‡ation, and the nominal interest rate, respectively; is the weight of the forward-looking component in the intertemporal IS curve; is price setters'extent of indexation to past in ‡ation; is households'intertemporal elasticity of substitution; is the slope of the Phillips curve; , ' , and 'ỹ are the interest rate smoothing coe¢ cient, the long-run coe¢ cient on in ‡ation, and that on the output gap in the monetary policy rule, respectively; …nally, !ỹ ;t , ! ;t and ! R;t in eq. (4) are the mutually independent, autoregressive of order one disturbances and "ỹ ;t , " ;t and " R;t are the structural (fundamental) shocks. This or similar small-scale models have successfully been employed to conduct empirical analysis concerning the U.S. economy. Clarida et al. We compact the system composed by eq.s (1)-(4) in the representation
:=dg( ỹ ; ; R ) , " :=dg(
where X t :=(ỹ t ; t ; R t ) 0 , ! t :=(!ỹ ;t ; ! ;t ; ! R;t ) 0 , " t :=("ỹ ;t ; " ;t ; " R;t ) 0 and 0 := Let :=( ; ; ; ; ; ; 'ỹ; ' ; ỹ ; ; R ; 2 y ; 2 ; 2 R ) 0 be the m 1 vector of structural parameters (m:=dim( )). The elements of the matrices 0 , f , b and depend nonlinearly on and, without loss of generality, the matrix 0 :=( 0 + f ) is assumed to be non-singular. The space of all theoretically admissible values of is denoted by P.
For future uses, we consider the partition :=( ) 0 , we also consider the corresponding partition of the parameter space P:=P s P " . This distinction is important for two related reasons. First, in the next sub-section we show that the determinacy/indeterminacy of the system depends only on the values taken by s , and not by " . Second, the sub-vector " is not directly recoverable (identi…able) from the estimation of the system of Euler equations (5)-(6) through 'limited-information' methods, and our procedure for testing determinacy/indeterminacy also relies on the direct estimation of s from system (5)- (6) .
Throughout the paper, we use the notations 'M ( )' and 'M :=M ( )' to indicate that the elements of the matrix M depend nonlinearly on the structural parameters , hence in our setup 0 := 0 ( ), f := f ( ), b := b ( ) and := ( ): Moreover, we call 'stable'a matrix that has all eigenvalues inside the unit disk and 'unstable'a matrix that has at least one eigenvalue outside the unit disk. Thus, denoted with max ( ) the absolute value of the largest eigenvalue of the matrix in the argument, we have max (M ( )) < 1 for stable matrices and max (M ( )) > 1 for unstable ones.
Reduced form solutions
The solution properties of the system of Euler equations (5)-(6) depend on whether s lies in the determinacy or indeterminacy region of the parameter space. We assume that 8 s 2 P s , an asymptotically stationary (stable) reduced form solution to system (5)- (6) (4) is restricted such that :=1; :=0, and :=0, x :=0, x =ỹ; ; R, the model collapses to a 'purely forward-looking'model. In this particular case, it can be shown that the inequality
is su¢ cient and 'generically'necessary (Woodford, 2003 , Proposition 4.3, p. 254) for determinacy. Consequently, the determinacy region of the parameter space is given by
However, it is in general not possible to work out a set of closed-form inequality constraints from system (5)- (6) 
where L is the lag/lead operator (L h X t :=X t h ), X 0 and X 1 are …xed initial conditions, 1 ( s ), 2 ( s ) and ( s ) are 3 3 matrices whose elements depend nonlinearly on s and embody the cross-equation restrictions implied by the small new-Keynesian model Sargent, 1980, 1981) . More speci…cally, the matrices 1 ( s ) and 2 ( s ) in eq. (8) are obtained as the unique solution to the quadratic matrix equation
where f , 0 , b and the stable matrix are respectively given by
The following example shows that the condition in eq. (7) is not necessary for determinacy if the structural model (1)- (4) . The constrained covariance matrix of the reduced form disturbances u t , denoted with~ u , depends on the entire vector and is given by~
Equations (9) and (10) 
and corresponds to the situation in which the matrix G( s ) has representation
where P ( s ) is a 3 3 non-singular matrix, 1 is the n 1 n 1 (n 1 < 3) Jordan normal block that collects the eigenvalues of G( s ) that lie inside the unit disk and 2 is the n 2 n 2 (n 2 3)
Jordan normal block that collects the eigenvalues of G( s ) that lie outside the unit disk. Notice that n 1 + n 2 :=3, where n 2 :=dim( 2 ) determines the 'degree of multiplicity' of solutions. In system (11)-(12), the matrices 1 ( s ) and 2 ( s ) are de…ned and constrained likewise the case of determinacy, see eq. (9), while ( s ), M ( s ; ) and V ( s ; ) are given by
where is a n 2 n 2 matrix (n 2 3) containing arbitrary auxiliary parameters unrelated to s and :=vec( ). Finally, the 'additional'moving average term t depends on the 3 1 vector t of 'sunspot shocks', whose …rst n 1 elements are zero and the remaining n 2 elements are MDS with respect to F t independent on " t . We denote with the covariance matrix of t ; will be in general singular unless n 1 :=0. We assume that is time-invariant.
While the determinate equilibrium in eq. (8) 
It can be observed that when and + are restricted such that
system (11) and the Technical Supplement). Unfortunately, even under strong identi…cation, the condition max (G( s ))>1 can hardly be used for testing purposes because (aside from very special cases) it is not easy to map inequality restrictions on the eigenvalues of the G( s ) matrix onto a set of 'manageable' restrictions which might be used in practice. Even working out the inequalities associated with the condition max (G( s ))>1 on a case-by-case basis, the resulting testing problem would involve nonstandard inference, see e.g. Wolak (1989) and Silvapulle and Sen (8) with a 'VARMA(3,1)' system in eq. (11) . As it is known, this would entail a well known non-standard inferential problem, see e.g. Lubik and Schorfheide (2004) and Fanelli (2012) .
To circumvent the above mentioned di¢ culties and address the testing problem from another perspective, we follow Fanelli (2012) , and consider the two hypotheses H 0 0 : X t is generated by the VAR system (8) under the CER (9)-(10). (15) and H 0 1 : X t is generated by the VARMA-type system (11)- (12) where I 0 is a subset of I (see eq. (13)) de…ned by
Under H 0 0 , the new-Keynesian system generates the unique stable solution which is, however, indistinguishable from the indeterminate MSV equilibrium nested in the system (11)- (12) when the conditions in eq. (14) is valid. Under H 0 1 , instead, the new-Keynesian system generates indeterminate non-MSV equilibria, see Sub-section 2.2. A key observation here is that the null of determinacy, H 0 : 0;s 2 P D s , implies the hypothesis H 0 0 in eq. (15), while the converse is not true. Hence, the rejection of H 0 0 in eq. (15) leads to the rejection of the null of determinacy. The non-rejection of H 0 0 is su¢ cient to rule out the occurrence of arbitrary parameters unrelated to ('parametric indeterminacy') and of sunspot shocks unrelated to " t from the solution set ('stochastic indeterminacy'), but can not be considered as conclusive evidence of determinacy.
We face the problem of testing H 0 0 in eq. (15) 
where f ( ; ) is a continuous, twice di¤erentiable vector function. By the implicit function theorem, the restrictions in eq. (18) can also be written in explicit form as follows (see Iskrev, 2008 , and our Appendix):
where g( ) is a nonlinear twice di¤erentiable function and the mapping is valid in a neighborhood of the 'true' parameter values. We have used the notation ' s ' in eq. (19) to remark that the vector s , which reads as the constrained counterpart of u , depends on s (other than the strongly identi…ed parameters in the vector " ). More precisely, s is the vector of VAR coe¢ cients under the CER implied by the hypothesis of determinacy. The log-likelihood function associated with the reduced form VAR solution depends on through eq. (19) (see our Appendix).
Our identi…cation-robust testing procedure for H 0 0 in eq. (15) against H 0 1 in eq. (16) is based on the two steps presented below.
Step 1: ' Full-information'LR test for the CER. We invert a LR test for the null hypothesis
(against the alternative H 1;cer : In practice, there are many possible choices s := s which might not be rejected by the data.
Since the components of s typically lie within bounded (theoretically admissible) intervals, one can test H 0;cer for any possible choice of s within a …ne grid G s P s , giving rise to a 'grid testing'procedure. 8 Under H 0;cer in eq. (20) , the asymptotic null distribution of 
which has asymptotic coverage 100(1 1 ), where c the hypothesis H 0 0 in eq. (15) and stop the analysis. In the second case, we move to the next step.
Step 2: ' Limited-information'test for the OR. Conditional on the con…dence set in eq.
(23) being empty, we test the hypothesis H 0 1 in eq. (16) (5)- (6). 10 Under correct speci…cation, the (unconditional) asymptotic distribution of AR T ( s ) under H 0;spec is 2 . Thus, conditional on the …rst-step, the grid testing approach for H 0;spec generates the identi…cation-robust con…dence set (or acceptance region): is empty, meaning that none value of the parameters within G s is compatible with the data, we reject the correct speci…cation of the new-Keynesian system (5)-(6).
Hereafter, we conventionally denote the testing strategy obtained by combining the two described steps above with the symbol 'LR T ! AR T '. We discuss the computational details of the two tests in the Appendix, where we also focus on the asymptotic properties of the procedure. We remark the fact that the hypothesis H 0 0 in eq. (15) is rejected (and hence determinacy is rejected) if the inversion of the LR T (^ s ) test in the …rst-step provides an empty con…dence set. In this case, we move to the second-step to decide whether the rejection of the CER occurs because the hypothesis of indeterminacy H 0 1 is valid, or because the new-Keynesian system is dynamically misspeci…ed. It turns out that the second-step is run only conditionally on the rejection of the CER in the …rst-step and must be based on the same grid G s used in the …rst-step. We remark that the non-rejection of the null H 0 0 is su¢ cient to rule out the occurrence of sunspot shocks and arbitrary nuisance parameters from the solution set but can not be considered conclusive evidence of determinacy. However, since when an hypothesis is not rejected by a signi…cance test, all hypotheses implied by that hypothesis must also be considered as non-rejected, the non-rejection of H 0 0 in the …rst-step amounts to an implicit nonrejection of the system of structural Euler equations (5)-(6). Table 1 summarizes the logic of our 'LR T ! AR T 'testing strategy.
It is worth stressing that when the hypothesis H 0;spec in eq. (22) These latter models feature more variables (physical capital and its frictions, among others) as well as di¤erent CER on the variables in common with small scale models (due, for instance, on non-separable preferences in consumption and labor as in Smets and Wouters, 2007) . Hence, while lacking a unique indication on the alternative framework one should scrutinize when model misspeci…cation is detected in the second-stage of our methodology, we believe an econometrician may be willing to implement our testing strategy to have a sense of the reliability of his/her results on determinacy/indeterminacy. (15), the asymptotic size of the 'LR T ! AR T 'testing strategy is 1 (see Proposition 1 in the Appendix), and that the test is consistent against the hypothesis of indeterminacy H 0 1 in eq. (16) (see Proposition 2 in the Appendix). However, we can also think of a 'second-step size' associated with the 'LR T ! AR T ' testing strategy, de…ned as the probability that the test AR T ( s ) computed in the second-step erroneously rejects H 0 1 when H 0 1 is 'true'. In …nite samples, the 'second-step size'of the AR T ( s ) test depends on the power of the test LR T (^ s ) against H 0 1 . It can be proved that under H 0 1 , the asymptotic 'second-step size' of the procedure converges to the quantity 2 1 (see eq. (23) 
can be interpreted as the parameter points within the sets C LR with associated largest p-values (or the 'least rejected'models at the pre-…xed levels 1 and 2 , respectively). 11 The main features of our approach are that (i) it is not necessary to identify the set of parametric inequality restrictions that de…ne the sub-regions P D 
Monte Carlo simulations
In this section, we use the Benati and Surico's (2009) new-Keynesian system in eq.s (1)- (4) Table 1 of Benati and Surico (2009) (see the 'After the Volcker stabilization'column). The data are generated from the reduced form VAR solution in eq.s (8) subject to the restrictions in eq.s (9)-(10) using a Gaussian distribution for the structural shocks test is obtained by considering 300 points s randomly chosen using the uniform distribution from the grid G s described in detail in the caption of Table 1 ; the inversion procedure (or grid-testing) generates the identi…cation-robust con…dence set C LR The results are reported in Table 2 . Here we summarize the rejection frequency of the LR T (^ s ) test and the average point estimates of the structural parameters derived from the generated identi…cation-robust con…dence sets C LR 0:95 , see eq. (24), along with the Monte Carlo standard errors. We notice that the LR T (^ s ) test is slightly conservative (0.045 in samples of length T =100 as opposed to the nominal size 1 :=0.05) and that the grid-testing procedure delivers point estimates of the structural parameters relatively close to the true values. A reasonable concern here is the role played by the grid used to invert the LR T (^ s ) test: in the limiting case of no identi…cation, one would expect appropriately sized intervals to cover the support of the structural parameter, i.e. C LR 1 1 = G s . To address this issue, the fourth column of Table 1 contrasts the median interval length obtained for the projected parameters with the actual grid length of the intervals for the individual parameters. The results show that the projected identi…cation-robust intervals are often wide, but not excessively so.
To investigate the power of the 'LR T ! AR T ' procedure against the hypothesis H 0 1 in eq. (16) and the 'second-step size' of the AR T ( s ) test under H 0 1 , we must consider speci…c DGPs obtained from the VARMA-type reduced form solutions in eq.s (11)- (12) . We can only provide limited Monte Carlo experimentation because given the structural parameters and the fundamental shocks, the choice of and + from system (11)- (12) indeterminate MSV solution observationally equivalent to the unique stable solution, see Subsection 2.2. Given these three possible choices of , arti…cial dataset are generated from system (11) which reads as a pure 'VARMA(3,1)' system with highly restricted parameters. Also in this experiment, for each simulated dataset, the numerical inversion of the tests LR T (^ s ) and AR T ( s ) is conducted by considering 300 points s randomly chosen by employing the uniform distribution from the same grid G s used for the size experiment in Table 2 . The AR T ( s ) test is computed by following the method described in the Appendix. The empirical power and 'second-step size'of the 'LR T ! AR T 'testing strategy are evaluated by …xing 1 and 2 at the levels 1 :=0.05 and 2 :=0.05, respectively. Other than documenting the joint empirical rejection frequency of the LR T (^ s ) and AR T ( s ) tests (as required by the second-step of the 'LR T ! AR T ' procedure), we also report the (marginal) empirical rejection frequency of the AR T ( s ) test, i.e. computed by disregarding the outcome of the LR T (^ s ) test in the …rst step (see our Appendix). As noticed in the previous section, the 'second-step size' associated with the 'LR T ! AR T ' testing strategy is bounded by construction by the unconditional rejection frequency of the AR T ( s ) test under H 0 1 : The results are summarized in Table 3 . We observe that the power of the test against the hypothesis H 0 1 in eq. (16) is reasonably good even when the indeterminate equilibrium is close to the MSV solution (the empirical power is 61.5% for :=0.95 and 70.5% for :=1.05). The …nite sample rejection frequency of the AR T ( s ) test, instead, seems to be in ‡uenced to some extent by the value taken by the nuisance parameter which, recall, ampli…es or dampens the oscillations of the reduced form solution in addition to what implied by the fundamental shocks through the moving average part of system (11) . In samples of size T =100, the empirical size of our computed version of the AR T ( s ) test ranges from 0.064 ( :=0.50) to 0.025 ( :=0.95) as opposed to the pre-…xed nominal size 2:1 2 :=0.05, so that we can conclude that the under(over)-rejection phenomenon is con…ned to admissible levels.
Overall, the results of our Monte Carlo experiment summarized in Tables 2 and 3 suggest that the 'LR T ! AR T ' testing strategy delivers reasonable empirical size coverage with respect to the null H 0 0 in eq. (15) and reassuring empirical power against the hypothesis of indeterminacy. Furthermore, also the 'second-step size' coverage of the testing strategy, i.e. its tendency to erroneously reject the hypothesis of indeterminacy, appears under control in samples of lengths typically available to practitioners. 
Empirical evidence
We now turn to the implementation of our two-step investigation as for the post-WWII U.S. economic system. We employ U.S. quarterly data, sample 1954q3-2008q3, and three observable variables, X t :=(ỹ t ; t ; R t ) 0 . The output gapỹ t is computed as percent log-deviation of the real GDP with respect to the potential output estimated by the Congressional Budget O¢ ce. 12 The in ‡ation rate t is the quarterly growth rate of the GDP de ‡ator. For the short-term nominal interest rate R t we consider the e¤ective Federal funds rate expressed in quarterly terms (averages of monthly values). The source of the data is the Federal Reserve Bank of St. Louis'web site.
The beginning of the sample is due to data availability (in particular, of the e¤ective Federal we pre-…x the nominal level of signi…cance at the 10% level ( 1 :=0.10). We report in Table 4 the results of the LR T (^ s ) test on the 'pre-Volcker'and 'post-1985'samples, respectively.
A detailed description of the grid G s used to invert the test numerically may be found in the caption of Table 4 . In the upper panel of Table 4 , we summarize the projected 90% con…dence intervals for the individual elements of s derived from the identi…cation-robust con…dence set C LR 0:90 (see eq. (21)) and the point estimate of s , s;M L , see eq. (24) . In the lower panel of Table  4 , we indicate whether the grid-testing procedure leads to an empty or nonempty identi…cation-robust con…dence set and report the value of LR T (^ s ) associated with s;M L and corresponding p-value. Table 4 suggests two important facts. First, the CER that the new-Keynesian system implies under determinacy are …rmly rejected on the 'pre-Volcker'sample (the set C LR 0:90 is empty), 15 and are …rmly accepted on the 'post-1985' sample by the data (the set C LR 0:90 is nonempty and the p-value associated with the 'least rejected' model is 0.36). We thus reject the hypothesis of determinacy on the 'pre-Volcker' sample and do not reject the hypothesis H 0 0 in eq. (15) on the 'post-1985' sample. Despite we can not interpret the result relative to the chosen 'Great Moderation' regime as conclusive evidence of determinacy (see the discussions in Sub-section 2.2 and Section 3), 16 the inference is su¢ cient to rule out the scenario according to which the U.S. business cycle was driven by sunspot expectations extraneous to fundamental shocks. Interestingly, the fact that the CER entailed by the hypothesis of determinacy are not rejected on the period 1985q1-2008q3 suggests an implicit non-rejection of the new-Keynesian system (1)- (4) on that sample. 17 Second, the 90% projected identi…cation-robust con…dence intervals for the policy (feedback) parameters 'ỹ and ' are surprisingly tighter than the con…dence sets documented by other authors using frequentist methods. In particular, the estimation of the value of the parameter ' , which captures the systematic reaction of the Federal Reserve to in ‡ation, has attracted a lot of attention. The debate has been intense also because of the lack of precision surrounding the estimates of such parameter. A prominent example in the literature is represented by Mavroeidis (2010) . He convincingly shows that, in a single-equation context, the estimation of ' tends to be imprecise, and the formal evidence in favor of an aggressive systematic policy response to in ‡ation is scant. Possible reasons include (a) the absence of sunspot shocks under determinacy, which implies a lower volatility of in ‡ation and output and, therefore, a harder identi…cation of the systematic relationship between the policy rate and the policy relevant-macroeconomic variables, and (b) a higher degree of interest rate smoothing, which limits the reaction of the policy rate in presence of shocks hitting in ‡ation and output. 18 1 5 Also using the level 1 :=0.05 we …nd that C LR 0:95 is empty. Results available upon request. 1 6 A merely descriptive indicator that the equilibrium we have estimated and tested on the 'post-1985'sample in Table 4 is not a MSV solution which might occur under the multiple equilibria case is given by the largest eigenvalues of the estimated matrix G( s;M L ). We obtain max(G( s;M L ))=0.946, a value that would encourage one to rule out the MSV hypothesis and consider the uniqueness scenario seriously. 1 7 According to Pesaran (1987) , this evidence also implies the non-rejection of the rational expectations hypothesis. 1 8 Mavroeidis (2010) Cochrane (2011), however, considers formulations of the new-Keynesian system which are 'less involved', from a dynamic standpoint, than our 'hybrid'speci…cation in eq.s (1)-(4). Our results in Table 4 show that the 'full-information'approach delivers relatively tight con…dence sets not only for 'ỹ and ' , but also for (intertemporal elasticity of substitution), (indexation to past in ‡ation) and (slope of the NKPC), which are notoriously di¢ cult to estimate precisely from the data.
We then proceed with the second-step of the 'LR T ! AR T 'testing strategy, which requires the inversion of the Anderson and Rubin-type AR T ( s ) test for the OR implied by the system of Euler equations (1)-(4) on the 'pre-Volcker'sample. Note, indeed, that the CER implied by the new-Keynesian model under the hypothesis of determinacy have been rejected by the data on the 'pre-Volcker'sample. Therefore the second-step 'limited-information'evaluation approach is conducted to establish whether the rejection of the hypothesis of determinacy must be ascribed to the multiple equilibria hypothesis or to the inability of the estimated system to capture the propagation mechanisms at work in the data. For completeness, we invert the AR T ( s ) test not only on the 'pre-Volcker'sample but also on the 'post-1985'sample, albeit this calculation would not be required by the 'LR T ! AR T 'testing strategy (recall that we have accepted the new-Keynesian system on the 'post-1985'sample in the previous step).
and a richer dynamic structure. Table 5 . Projected 90% identi…cation-robust con…dence intervals, point estimates of the structural (C AR 0:90 ). These con…dence sets have been obtained by inverting the test AR T ( s ) (step 2 of Section 3 and Appendix); in practice, AR T ( s ) is computed as a quasi-LR test using Z t :=(X 0 t 1 ; X 0 t 2 ) 0 in the auxiliary multivariate regression system (32), considering 5,000,000 points s randomly chosen using the uniform distribution with support given by the rectangle formed by the Cartesian product of the same intervals as in Table 4 . ' s;LI 'is the point estimate derived In this latter case, however, the identi…cation-robust con…dence set resulting from the inversion of the AR T ( s ) test must be interpreted as detailed in eq. (38) of the Appendix. We pre-…x 2 at the level 2 :=0.10 and invert the test using the same grid G s employed to invert the test for the CER in the …rst-step (recall that 2 1 2 ). The AR T ( s ) test is computed as detailed in the Appendix.
The results of the second-step are summarized in Table 5 . In the upper panel, we report the projected con…dence intervals for the individual elements of s derived from the identi…cation-robust con…dence set C LR AR 1 2 1 produced by the grid-testing procedure (see eq. (23)) along with the point estimate (see eq. (24)). In the lower panel, we indicate whether the grid-testing procedure leads to an empty or nonempty identi…cation-robust con…dence set and, in the second case, we report the value of the test statistic associated with the point estimate s;LI and corresponding p-value. Table 5 shows that the new-Keynesian model is not rejected by the AR T ( s ) test on the 'preVolcker'sample (the set C LR AR 0:90 is nonempty and the p-value associated with the 'least rejected' model is 0.14). As expected, we also …nd that the new-Keynesian model is not rejected by the Table 4 ), we …nd that the former are remarkably more informative than the latter.
By combining the evidence in Table 5 with that in Table 4 we conclude that the 'LR T ! AR T 'testing strategy leads us to accept the hypothesis of indeterminacy (H 0 1 in eq. (16)) on the 'pre-Volcker'sample on which the set C LR 0:90 is empty and the set C LR AR 0:90 is nonempty, see Table   1 , and not to reject the hypothesis H 0 0 in eq. (15) on the 'Great Moderation'sample on which the set C LR 0:90 is nonempty, see Table 1 . Thus, our conclusions point towards a policy switch in the late 1970s. This result is not new in the literature, as it corroborates the one proposed by Clarida et is that our conclusions have been derived with a formal testing strategy with (i) a robustness check for identi…cation failure and model misspeci…cation, a crucial information when conducting inference in the class of monetary policy new-Keynesian models, and on (ii) a full-system context without appealing to any a-priori distribution or any calibration of nuisance parameters. Clearly, our prior-free approach maximizes the role attached to the data in determining our results.
An approximate and purely indicative measure of the extend of the change characterizing the parameters of the model across the two regimes can be broadly obtained by comparing the identi…cation-robust con…dence intervals and the point estimates reported in Table 4 and Table   5 . For instance, we …nd that as for the parameters (intertemporal elasticity of substitution) (indexation to past in ‡ation), ' (long run reaction to in ‡ation) and (in ‡ation shock persistence), the 'full-information'point estimates computed on the 'post-1985'sample (see the …fth column of Table 4 ) do not lie within (or lie on the border of) the corresponding 'limitedinformation'identi…cation-robust con…dence intervals computed on the 'pre-Volcker'sample (see the fourth column of Table 5 ). Evidence of instability in the parameters of the private sector, other than the policy parameters, has also been found, among others, by Canova (2009) ( 2013). Indeed, the …rst step of our testing procedure is essentially based on the pointwise inversion of the likelihood ratio test proposed by these authors as a tool to build identi…cation-robust con…dence sets for the structural parameters of DSGE models. In our setup, the likelihood ratio test is used to obtain an identi…cation-robust 'acceptance region'for the structural parameters which ful…l the CER the new-Keynesian system places on its reduced form solution under determinacy. Likewise, our methodology is connected to the contributions by Stock and Wright Our …ndings, which line up with a number of previous contributions in the literature, are consistent with, but not necessarily pointing to, the 'good policy'explanation of the U.S. Great
Moderation. We plan to elaborate further on our methodology to assess whether other drivers, in addition to the change in the conduct of monetary policy documented in this paper, have contributed signi…cantly to the 'Great Moderation'phenomenon.
In light of the recent …nancial crisis, the uniqueness scenario supported by our analysis as for the period mid-1980s-onwards may very well be over. When enough data become available, our methodology will help to shed further light on this issue. We also believe our methodology may be fruitfully applied to understand if other economic realities have experienced changes in their macroeconomic environment of the type documented here. Benati (2008) documents a reduction in in ‡ation persistence in a variety of countries under stable monetary regimes with clearly de…ned nominal anchors, e.g., o¢ cial in ‡ation targeters. We plan to apply our formal testing strategy to these countries in future research.
where u :=[ 1 ; 2 ], 1 and 2 are unrestricted 3 3 matrices, Z t :=(X 0 t 1 ; X 0 t 2 ) 0 and u t is assumed to obey a 3-dimensional Gaussian white noise process with covariance matrix u .
System (25) reads as the unrestricted counterpart of the determinate reduced form solution of the new-Keynesian model in eq. (8) . Assuming Gaussian disturbances, the log-likelihood function of the unrestricted VAR system is given by
where u :=( 0 u ;vech( u ) 0 ) 0 and u :=vec( u ). Obviously, in our framework u is strongly identi…ed. We refer to Guerron-Quintana et al. (2013) and Andrews and Mikusheva (2012) for the analysis of more involved situations, especially for cases in which not all components of X t are observed.
As observed in Section 3, the CER that the new-Keynesian system implies under the hypothesis of determinacy can conveniently be compacted in implicit form as in eq. (18) . It can be proved that, in our setup, the following condition holds (see Iskrev, 2008; Fanelli, 2011) : First we assume temporarily that (and hence s ) is strongly identi…ed as in Fanelli (2012) .
The maximization of log L T ( s ) requires the use of numerical (iterative) techniques based on various approximations of the quadratic matrix equation in (9) . Departures from the normality assumption imply that the estimator of is actually a quasi-ML (Q-ML) estimator. Given the Q-ML estimate of ,^ , the (quasi-)LR test for the cross-equation restrictions is given by
where^ s :=g(^ ) is the ML estimator of the VAR coe¢ cients subject to eq.s (9)- (10) . Under the assumptions reported in the Technical Supplement and the null that the CER in eq. (19) are valid, the test statistic LR T is asymptotically 2 (dim( u ) dim( ))-distributed, see Fanelli (2012).
We now relax the assumption of strong identi…cation of s and consider the situation in which it is known that only the sub-vector " of :=( 
where 
X t (which correspond to the disturbance of the VAR system (8) under the CER) on the regressors
Computation issues and asymptotic properties: the AR T ( s ) test
The test AR T ( s ) for the hypothesis H 0;spec in eq. (22) The test works as follows. By simple algebraic manipulations, we re-write the system of Euler equations (5)- (6) in the form
where t :=X t E t 1 X t is a vector MDS. Then we de…ne the 3 1 vector function v(X t ; s ):= 0 X t f X t+1 b;1 X t 1 b;2 X t 2 :
Under correct speci…cation, the vector v(X t ; 0;s ) in eq. (30) follows a VMA(1)-type process and ful…lls the OR:
E (v(X t ; 0;s ) j F t 1 ) = 0 3 1 :
Given eq. (31), consider the hypothesis H 0;spec in eq. (22) 
should lead us to accept H 0;spec : We have thus transformed the problem of testing H 0;spec in eq. More precisely, if system (5)- (6) is correctly speci…ed and H 0;spec is valid we have
irrespective of whether 0;s 2 P D In practice, the AR T ( s ) can be a Wald-type, a Lagrange Multiplier or (quasi-)LR test. 20 Since the t term follows a VMA-type process in system (32), HAC-type (Newey and West, 1997) versions of the tests can be applied as suggested by Dufour et al. (2013) . Our simulation studies (part of which are reported in Table 2 ) show that even in the case of 'indeterminacy without sunspots'(see Sub-section 2.2), the …nite sample rejection frequency of the AR T ( s ) (AR c T ( s )) test may be to some extent a¤ected by the values of the nuisance parameters :=vec( ) in eq.s (11)- (12) , which are the only drivers of the multiplicity of the solutions when sunspot shocks are absent, as well as by the chosen number of lags r in the auxiliary multivariate regression system (32) . 
where the term on the left-hand-side denotes the 'second-step size'in a sample of length T .
By applying the limsup to both sides of the inequality in eq. (39) 
